Arabinogalactan proteins (AGPs) are hydroxyprolinerich glycoproteins present at the plasma membrane and in extracellular spaces. A synthetic chemical, b-glucosyl Yariv reagent (b-GlcY), binds specifically to AGPs. We previously reported that gibberellin signaling is specifically inhibited by b-GlcY treatment in barley aleurone protoplasts. In the present study, we found that b-GlcY also inhibited gibberellininduced programmed cell death (PCD) in aleurone cells. We examined the universality and specificity of the inhibitory effect of b-GlcY on gibberellin signaling using microarray analysis and found that b-GlcY was largely effective in repressing gibberellin-induced gene expression. In addition, 4100 genes were up-regulated by b-GlcY in a gibberellinindependent manner, and many of these were categorized as defense-related genes. Defense signaling triggered by several defense system inducers such as jasmonic acid and a chitin elicitor could inhibit gibberellin-inducible events such as a-amylase secretion, PCD and expression of some gibberellin-inducible genes in aleurone cells. Furthermore, b-GlcY repressed the gibberellin-inducible Ca 2þ -ATPase gene which is important for gibberellin-dependent gene expression, and induced known repressors of gibberellin signaling, two WRKY genes and a NAK kinase gene. These effects of b-GlcY were also phenocopied by the chitin elicitor and/or jasmonic acid. These results indicate that gibberellin signaling is under the regulation of defense-related signaling in aleurone cells. It is also probable that AGPs are involved in the perception of stimuli causing defense responses.
Introduction
Arabinogalactan proteins (AGPs) are a class of hydroxyproline-rich glycoproteins containing a large type II arabinogalactan (AG) polysaccharide chain that generally comprises 490% of their molecular weight (reviewed in Nothnagel 1997) . Recently it has been shown that C-terminal hydrophobic regions of most AGPs are replaced by a lipid moiety, the glycosylphosphatidylinositol (GPI) anchor (Youl et al. 1998, Oxley and Bacic 1999) , which allows AGPs to exist in a lipid raft domain on the plasma membrane (Borner et al. 2005) .
Another important characteristic of AGPs is that they bind specifically to a synthetic chemical, b-glucosyl Yariv reagent (b-GlcY) (Yariv et al. 1962) . Although the mechanism for the interaction between AGPs and b-GlcY is not fully understood, b-GlcY seems to be reactive against AG polysaccharides and has been used for perturbing normal AGP functions and for detecting, quantifying and purifying AGPs (Nothnagel 1997) . Recently, many GPI-anchored proteins including fasciclins, phytocyanins and lipid transfer protein-like proteins were shown to have non-contiguous proline residues for the attachment of AG polysaccharide, and some of them have been shown to bind b-GlcY (Borner et al. 2003 , Johnson et al. 2003 , Mashiguchi et al. 2004 , Motose et al. 2004 . Therefore, the targets of b-GlcY include not only classical AGPs but also glycoproteins with additional domains as well as AGP domains. Based on the effects of b-GlcY treatment, several possible roles for AGPs have been proposed, such as seedling growth, pollen tube elongation, embryogenesis and cell proliferation (Serpe and Nothnagel 1994 , Willats and Knox 1996 , Ding and Zhu 1997 , Chapman et al. 2000 , Lu et al. 2001 , Mollet et al. 2002 . More recently, microarray analysis has shown that programmed cell death (PCD) in Arabidopsis cell cultures caused by b-GlcY was mediated by wound-like responses followed by callose deposition and defense-related gene expression (Guan and Nothnagel 2004) .
Gibberellins are essential phytohormones involved in many aspects of plant development such as seed germination, stem elongation and the development of flowers, fruits and seeds. In a current model, bioactive gibberellins are perceived by soluble receptor GID1 followed by degradation of DELLA proteins, which are negative regulators of gibberellin signaling, in the ubiquitin-26S proteasome pathway (Ueguchi-Tanaka et al. 2005) . Cereal aleurone layers are good model systems to study gibberellin signaling because they are composed of a single cell type and can perceive and respond to but not synthesize gibberellins. By monitoring gene expression and activities of gibberellininducible hydrolytic enzymes, and gibberellin-inducible PCD in aleurone cells, a number of molecules involved in gibberellin signaling have been studied, such as Ca 2þ , nitric oxide, DELLA protein (SLN1), SPY, KGM, GMPOZ, calcineurin and various transcription factors (GAMYB, SPY-interacting MYB, NAC, HRT, WRKYs and DOFs) (Beligni et al. 2002 , Robertson 2004 , Sun and Gubler 2004 , Woodger et al. 2004 , Hwang et al. 2005 , Xie et al. 2006 . Moreover, aleurone cells have been used to study ABA signaling, which represses gibberellin signaling via PKABA1 and other unknown factors (Zentella et al. 2002) .
We have previously reported the inhibitory effect of b-GlcY on gibberellin action in barley aleurone cells (Suzuki et al. 2002) . This inhibitory effect was specific to gibberellin action in the sense that the reagent did not affect cell viability, expression levels of some housekeeping genes or ABA-mediated induction of a dehydrin gene. However, it has yet to be clarified how specific to gibberellin action the effect of b-GlcY is. In this study, we examined the effect of b-GlcY on gibberellin signaling using microarray analysis and found that b-GlcY was an overall inhibitor of gibberellin-induced gene expression. In addition, the genes whose expression patterns were altered by b-GlcY irrespective of gibberellin treatment mostly coincided with the so-called defense-related genes. We also found that plant defense signaling could inhibit gibberellin-inducible events in aleurone. In this report, we will discuss the interrelationship of gibberellin signaling and defense-related signaling caused by b-GlcY in aleurone cells.
Results and Discussion
Genes regulated by gibberellin and the effects of -GlcY on gibberellin signaling
In our previous study, we reported that b-GlcY inhibited a-amylase induction by gibberellin at the transcriptional level (Suzuki et al. 2002) . In the present study, we performed microarray analysis to discover how many gibberellin-inducible genes are inhibited by b-GlcY. We used cRNAs prepared from mRNAs isolated from aleurone protoplasts that were treated with GA 3 , GA 3 plus b-GlcY or dimethylsulfoxide (DMSO; mock treatment) for 24 h. The analysis was performed twice independently including protoplast preparation. Using the rank products algorithm (Breitling et al. 2004 ) with a 10% FDR (false discovery rate) value, 189 genes were found to be GA 3 -inducible (Supplementary Table 1) . GA 3 up-regulated many hydrolytic enzyme genes, as reported previously (Bethke et al. 2006) (Table 1) . According to the same statistical process, 80% of the gibberellin-induced genes (152 genes) were not up-regulated in the protoplasts also treated with b-GlcY (Supplementary Table 1 ). This result indicates that b-GlcY is largely effective in cancelling gibberellin signaling in aleurone cells.
GA 3 also down-regulated as many genes (170 genes selected by rank products with a 10% FDR value) as it up-regulated (Supplementary Table 2 ). Only 38 of these were selected as genes whose down-regulation by gibberellin was prevented by b-GlcY (Supplementary Table 2 ), showing that the inhibitory effect of b-GlcY is larger on gibberellin-inducible events than on gibberellin-repressible ones. Gibberellin-down-regulated genes included those related to ABA function [ABA-inducible protein PHVA1, ABA-induced PM19, dehydrin genes (DHN4, DHN2, DHN3, DHN11and DHN12), HVA22 and LEA genes] and stress response (such as glutathione-S-transferase, cold acclimation protein and aluminum-induced protein) (Table 1) . It is well known that ABA represses gibberellin signaling leading to a-amylase induction and PCD (Zentella et al. 2002) . The microarray results suggest that gibberellin could also be an inhibitor of ABA signaling, and therefore that gibberellin and ABA signaling pathways negatively regulate each other. Moreover, the microarray results also show that some gibberellin-repressed genes are involved in the defense response, such as peroxidase, xylanase inhibitor, -glucosidase, wound-induced protein, phenylalanine ammonia-lyase (PAL) and Bowman-Birk-type trypsin inhibitor (Table 1 and  Supplementary Table 2 ). This result motivated us to hypothesize that defense-related genes might work negatively on gibberellin signaling just like ABA and gibberellin negatively regulate each other. This hypothesis was intriguing because there is no report on the cross-talk of gibberellin signaling and defense signaling at the transcriptional level in aleurone cells.
Genes responsive to -GlcY irrespective of gibberellin treatment in aleurone cells
Next, we searched for genes that were up-or downregulated by b-GlcY irrespective of GA 3 treatment. We focused on the genes selected by the rank products algorithm (10% FDR) whose expression levels in GA 3 -and b-GlcY-co-treated samples were higher than those in both mock-and GA 3 -treated samples (Table 1 and  Supplementary Table 3) . Among the 112 b-GlcY-upregulated genes selected, we found many defense-and The genes selected by rank products (10% FDR), whose expression levels in GA 3 -treated samples are higher (A) or lower (B) than those in mock-treated samples. e The example of the expression of ABA-, stress-and defense-related genes in the gibberellin-repressible genes (see Results and Discussion). Genes which were down-regulated by gibberellin and the down-regulation was inhibited by b-GlcY are indicated in bold. f The genes selected by rank products (10% FDR), whose expression levels in GA 3 and b-GlcY co-treated samples are higher than those in both mock-and GA 3 -treated samples. Defense and GA signaling in aleurone cellsstress-related genes previously studied in rice (Rabbani et al. 2003) or sorghum (Salzman et al. 2005) , such as ferritin, heat shock protein, Bowman-Birk-type trypsin inhibitor, subtilase, chitinase, glutathione-S-transferase, 1-aminocyclopropane-1-carboxylate synthase and probenazole-induced protein.
These results indicated that the b-GlcY treatment induced defense response genes in barley aleurone protoplasts. This further prompted us to hypothesize that the b-GlcY-induced defense-related signaling negatively regulated gibberellin signaling.
-GlcY does not trigger PCD but inhibits PCD induced by gibberellin treatment In Arabidopsis cell cultures, b-GlcY treatment induces PCD (Gao and Showalter 1999) . Using microarray analysis, Guan and Nothnagel (2004) showed that the transcript levels of defense-related genes increased during the b-GlcYinducible PCD processes which were accompanied by callose deposition and a decrease of cell viability. On the other hand, PCD is one of the typical gibberellin-inducible events in aleurone cells. In these cells, secretion of hydrolytic enzymes is followed by vacuolation of the cells. After becoming highly vacuolated, aleurone cells undergo PCD which is accompanied by a rapid loss of plasma membrane integrity. Therefore, vacuolation is predictive of PCD for aleurone cells still maintaining cell viability (Fath et al. 2000) .
We found that b-GlcY cancelled the ability of GA 3 to induce vacuolation of the aleurone protoplasts, while a-galactosyl Yariv reagent (a-GalY), a negative control for b-GlcY, showed no effect (Fig. 1) . There was no distinct difference in the viability of b-GlcY-or a-GalY-treated cells, judged by fluorescein diacetate (FDA) staining, as previously reported (Suzuki et al. 2002) . If b-GlcY causes a general mechanical perturbation of the cell surface and damage to the cells, as discussed by Guan and Nothnagel (2004) , a similar result might have been obtained for Arabidopsis cell cultures and barley aleurone cells. In aleurone cells, however, b-GlcY instead acted as a repressor of PCD, probably by inhibiting gibberellin action. This result, together with the microarray results, strongly suggests that b-GlcY is an overall inhibitor of gibberellin action in aleurone cells, and that inhibition of gibberellin signaling by b-GlcY is not caused by a loss of cell viability.
Defense-related signaling inhibits gibberellin signaling
Because of the possibility that defense-related signaling inhibits gibberellin signaling, we examined the effect of defense system inducers on two gibberellin-inducible events, a-amylase activity and PCD. Salicylic acid (SA) has recently been shown to inhibit a-amylase induction by gibberellin and to delay seed germination in barley aleurone layers (Xie et al. 2007 ). We found that SA and other defense system inducers [jasmonic acid (JA), 12-oxophytodienoic acid (OPDA), a chitin elicitor (N-acetylchitohexaose, CH) and H 2 O 2 ] inhibited the increase of a-amylase activity induced by gibberellin in aleurone layers (Fig. 2) .
Next we examined the effects of these treatments on PCD of aleurone layer cells. Because vacuolation is more difficult to observe in layer cells than in protoplasts, PCD was judged by FDA staining of the aleurone layers after longer incubation with gibberellin and other signaling molecules. While gibberellin-treated layer cells were mostly dark with no fluorescence, those co-treated with defense system inducers (JA, OPDA, SA, CH and H 2 O 2 ) or ABA in addition to GA 3 showed apparently brighter fluorescence than those treated only with GA 3 (Supplementary Fig. 1 ). These results strongly suggest that defense-related signaling can inhibit gibberellin signaling, and that the inhibition of gibberellin signaling by b-GlcY was caused by defenserelated signaling following the interaction of AGPs and b-GlcY on the plasma membrane.
Quantitative expression analysis for validation of microarray analysis and for examining the effects of defense-related signaling on gibberellin signaling Next, we performed reverse transcription-PCR (RT-PCR) analysis for validation of microarray data and to investigate whether defense-related signaling could repress gibberellin-inducible genes at the transcriptional level. First, we confirmed the effect of defense-related signaling on gibberellin action in protoplasts. As seen in aleurone layers, both CH and JA treatment inhibited gibberellin-induced a-amylase secretion (Fig. 3A) . Using these samples, we prepared cDNA from each sample and performed real-time RT-PCR (Fig. 3B ) and semi-quantitative RT-PCR ( Supplementary Fig. 2) .
Gibberellin-inducible genes were transcriptionally repressed by the addition of 20 mM CH and 200 mM JA, as well as by 50 mM b-GlcY and 20 mM ABA, but the JA treatment had less effect than the others (group A in Fig. 3B and Supplementary Fig. 2 ). The result might imply that JA inhibited translation or secretion of a-amylase rather than gene expression. The transcript levels of ABA-inducible genes (group B in Fig. 3B and Supplementary Fig. 2) were not increased by b-GlcY over the control level. This result suggests that induction of ABA signaling by b-GlcY is not the reason for repression of gibberellin signaling in aleurone cells. We further examined the expression of b-GlcYinducible genes selected from the microarray data (group C in Fig. 3B and Supplementary Fig. 2 ). JA was more effective than CH in inducing most of the b-GlcY-inducible genes (FAD-linked oxidoreductase, pirin, ferritin, oxalate oxidase, AP2 transcription factor, permatin PR5, HvBWMK1 in Fig. 3B and blue copper-binding protein Fig. 2 Effects of defense system inducers on the gibberellin-inducible a-amylase activity in aleurone layers. a-Amylase activity in the incubation medium was determined using starch-iodine methods (Jones and Varner 1967) . (A) Five isolated aleurone layers were incubated with JA or OPDA in the presence of 1 mM GA 3 in 1 ml of 20 mM CaCl 2 for 21 h. A 15 ml aliquot of the supernatants was used for the assay. (B) Eight isolated aleurone layers were incubated with a chitin elicitor (CH) in the presence of 1 mM GA 3 for 22 h. A 15 ml aliquot of the supernatants was used for the assay. (C) Five isolated aleurone layers were incubated with SA in the presence of 1 mM GA 3 for 25 h. A 15 ml aliquot of the supernatants was used for the assay. (D) Eight isolated aleurone layers were incubated with H 2 O 2 in the presence of 1 mM GA 3 in 1 ml of 20 mM CaCl 2 for 24 h. A 5 ml aliquot of the supernatants was used for the assay. Data are means AE SD of two independent incubations.
Defense and GA signaling in aleurone cellsin Supplementary Fig. 2 ). On the other hand, two chitinase genes (chitinase class I in Fig. 3B and chitinase III in Supplementary Fig. 2 ) were up-regulated more strongly by CH than by JA, and peroxidase was induced only by b-GlcY (Fig. 3B) . These results indicate that signaling induced by b-GlcY treatment is closely related to defense signaling in aleurone cells, but is not entirely the same as JA or CH signaling. Interestingly, HvBWMK1, a rice BWMK1 homolog, was induced by b-GlcY. BWMK1 is a mitogenactivated protein kinase that is known to be induced by some defense system inducers, and mediates defense signaling in rice (Cheong et al. 2003) . Thus HvBWMK1 might act as a transmitter of b-GlcY-induced defenserelated signaling.
The effect of -GlcY on gibberellin signaling molecules Next, we examined the expression patterns of the known gibberellin signaling molecules to test whether they mediate the effects of b-GlcY. First we checked the array data for the known GA signaling-related genes (Sun and Protoplasts were incubated in 1 ml of buffer in the presence/absence of 1 mM GA 3 for 24 h. A 20 ml aliquot of the supernatants was used for the assay.
(B) RT-PCR was performed using cDNA from 1 mg of total RNA isolated from protoplasts used in (A). Data shown are transcript levels relative to mock-treated samples (control ¼ 100). RNA-binding protein (Contig3031_s_at) was used as an internal standard. Group A, gibberellin-inducible genes; group B, ABA-inducible genes; group C, b-GlcY-inducible genes.
Gubler 2004) with probe sets on the Affymetrix barley1 chip. While transcript levels of many of the gibberellin signaling molecules were not affected by b-GlcY treatment (data not shown), expression of several signaling genes was changed (Supplementary Table 4 ). We confirmed the expression patterns by real-time RT-PCR using the same cDNA prepared for the experiments in Fig. 3 . As shown in -ATPase was reported to have a role in Ca 2þ -mediated gibberellin signaling in the aleurone layer, and overexpression of this protein stimulated expression of the gibberellin-inducible a-amylase in the absence of gibberellin (Chen et al. 1997) . Although the microarray data showed that GAMYB (Zentella et al. 2002) was induced by gibberellin and down-regulated by b-GlcY, this pattern was not reproducibly obtained by real-time RT-PCR (Fig. 4A) . GAMYB is a direct transcription factor of some gibberellininducible hydrolytic enzyme genes including a-amylase. Lack of an inhibitory effect of b-GlcY on GAMYB expression might mean that the effect of b-GlcY is not mediated by GAMYB but by other transcription factors such as WRKYs, discussed below. Expression of HvWRKY38 (TC132272), an OsWRKY71 homolog, was down-regulated by gibberellin treatment, and restored to the level of expression in mock-treated cells by b-GlcY treatment (Fig. 4B ). In addition, HvWRKY51 (TC150189), an OsWRKY51 homolog, was up-regulated by b-GlcY treatment (Fig. 4B) . Xie et al. (2006) reported that OsWRKY71 is a repressor of gibberellin-induced promoter activation of the Amy32b gene in aleurone cells, and OsWRKY51 works synergistically with OsWRKY71 for promoter repression. The inhibitory effect of b-GlcY on a-amylase induction by gibberellin seems to be mediated by these WRKY transcription factors. Since the transcription of WRKY genes is up-regulated in defense signaling in numerous plant species (Ulker and Somssich 2004) , it is not surprising that HvWRKY38 and HvWRKY51 are positively regulated through the activation of defense signaling by b-GlcY. A role for WRKYs in the defense response is supported by the recent findings that OsWRKY71 is induced by MeJA, SA, ACC, pathogens and wounding in rice leaves, and was involved in induction of PR and NPR1 genes . 
Defense and GA signaling in aleurone cells
Interestingly, HvEsi47 (TC143891) was clearly up-regulated by b-GlcY treatment (Fig. 4B ). HvEsi47 is a homolog of Esi47 of the salt-tolerant wild wheatgrass (Lophopyrum elongatum) encoding a NAK protein kinase involved in the salt stress response, and whose overexpression represses a-amylase gene expression in aleurone layers (Shen et al. 2001 ). This indicates that HvEsi47 is one of the candidates for repressors of gibberellin signaling that are induced by b-GlcY. The above-mentioned results suggest that the inhibitory effect of b-GlcY on gibberellin signaling could be attributable at least in part to the reduction of the gibberellin-inducible positive regulator (Ca 2þ -ATPase) and the induction of negative regulators (HvWRKY51, HvWRKY38 and HvEsi47) of gibberellin signaling.
Temporal fluctuation of JA biosynthetic genes after -GlcY treatment
Because RT-PCR analysis showed that many of the same genes are induced by JA treatment and b-GlcY treatment, we examined the temporal fluctuation of transcript levels after b-GlcY treatment for several JA biosynthetic genes. It is known that the JA level rapidly increases in response to wounding stress. a-GalY-treated samples were used as a control in this experiment to see whether Yariv reagents have side effects on protoplasts which might stimulate JA biosynthesis without affecting AGPs. First we confirmed that a-GalY treatment did not give different results from DMSO treatment for either gibberellininducible or gibberellin-repressible gene expression, as in the bioassays to detect the effects of b-GlcY on gibberellininduced a-amylase activity (Suzuki et al. 2002) and PCD (Fig. 1) , where a-GalY showed no effects. Samples treated with only solvent (mock), GA þ a-GalY and GA þ b-GlcY ( Supplementary Fig. 3 ) showed mostly the same expression patterns for all the genes examined as samples treated with only solvent, GA and GA þ b-GlcY (Figs. 3B, Fig. 4B ; Supplementary Fig. 2 ), suggesting that a-GalY has no effect on gene expression in this experimental system, and also that the effect of b-GlcY is mediated by its binding to AGPs. For monitoring JA biosynthesis, we selected five lipoxygenase genes, LOX2:Hv:1 (accession No. U56406), LOX2:Hv:2 (AJ507212), LOX2:Hv:3 (AJ507213), LOX-C (L37358) and LOX-B (L37359). Of these genes, LOX2:Hv:1, LOX2:Hv:2, LOX2:Hv:3 and LOX-C have been shown to encode enzymes having 13-LOX activity which is necessary for JA biosysnthesis (Vo¨ro¨s et al. 1998 , van Mechelen et al. 1999 , Bachmann et al. 2002 . LOX-B is likely to encode 9-LOX involved in oxylipin formation, as discussed below, and was the only LOX whose expression was detected in our microarray analysis. We also examined expression patterns of the allene oxide synthase gene (AOS, Contig11904_at), the allene oxide cyclase gene (AOC, AJ308488) and HvOPR13 (Contig 9556_at) as JA biosynthetic genes because they are known to be involved in JA biosynthesis (Agrawal et al. 2004) . At 4 and 6 h after treatment, LOX-B was clearly up-regulated by b-GlcY compared with a-GalY, while transcripts of the 13-LOX genes could not be detected even after extensive amplification (data not shown), suggesting a very low level of JA biosynthetic activity. b-GlcY showed only a slightly greater effect on AOS up-regulation than a-GalY. The differential expression following a-GalY and b-GlcY treatment was clearer at 24 h after treatment for both LOX-B and AOS (Fig. 5) . The effect of b-GlcY on AOC was ambiguous up to 6 h after treatment and was even inhibitory on AOC expression at 24 h after treatment in the presence of gibberellin (Fig. 5) . HvOPR13, a homologous gene of rice Real-time RT-PCR was performed using cDNA from 1 mg of total RNA isolated from 2.5 Â 10 5 protoplasts treated with b-GlcY (b) or a-GalY (a). GA 3 1 mM (G) was added to samples in addition to Yariv reagents for a 24 h treatment as for the other experiments. Data shown are transcript levels relative to a sample at 0 h. Ubiquitin-conjugating enzyme (Contig4868_at) was used as an internal standard.
OsOPR13 encoding an enzyme that converts OPDA to bioactive JA (Agrawal et al. 2004 , Tani et al. 2007 ), was not up-regulated by b-GlcY (Fig. 5) . Its increased level after 24 h treatment with either a-GalY or b-GlcY in the presence of gibberellin must be attributable to the gibberellin effect (Fig. 5) .
According to the expression analysis of JA biosynthetic enzyme genes, it was not likely that b-GlcY stimulated JA biosynthesis. This might mean that JA is not involved in b-GlcY-induced defense-related signaling, although there are similarities in genes induced by b-GlcY and JA. To address this issue, we measured the endogenous JA level by LC-MS/MS in protoplasts treated with b-GlcY or a-GalY for 1, 4 and 20 h, and found no significant difference among samples even in several repeated experiments (data not shown). This implicates that JA does not contribute to b-GlcY-inducible defense signaling of aleurone cells. This is supported by the fact that transcript levels of some JA-inducible genes in barley such as jacalin (Contig7887_at, Lee et al. 1996) , 23 kD jasmonate-induced protein (Contig1675_s_at, Hause et al. 1997 ) and methyljasmonate-inducible LOX (Contig2305_at, Vo¨ro¨s et al. 1998 ) remained low during b-GlcY treatment in microarray analysis (data not shown).
LOX, AOS and AOC are known to be involved in the biosynthesis of OPDA and other oxylipins (Nielsen et al. 2006 , Vellosillo et al. 2007 , so either of these molecules rather than JA might be the active substance for inducing defense signaling in aleurone layers. It was reported that defense-related genes were induced in the early stage of barley embryo development. In this process, the level of JA and SA did not increase, while 9-LOX and AOS, possibly responsible for the formation of a-ketols, were induced. This suggested that oxylipins of the 9-LOX pathway activated an embryonic early developmental defense system (Nielsen et al. 2006) . Interestingly, gibberellin signaling was inhibited by elicitor treatment in the barley embryo (Loreti et al. 2002) , suggesting that a-ketols were involved in this process. JA and OPDA are synthesized in the 13-LOX pathway. Although it is not conclusive, Nielsen et al. (2006) have suggested that LOX-B (designated as LOX3 in their report) encoded 9-LOX based on its temporal expression pattern and minimal 13-LOX activity in developing embryos. Thus, oxylipins such as a-ketols, which are synthesized by the 9-LOX pathway, might be involved in defense signaling in aleurone cells.
Conclusion
Here we have shown that defense-related signaling caused by b-GlcY could inhibit gibberellin signaling in aleurone cells. We also showed that known gibberellin signal repressors, two WRKYs (HvWRKY38 and HvWRKY51) and a NAK kinase (HvEsi47), might be involved in this process (Fig. 6) . Homologs of these WRKYs in rice have also been shown to suppress gibberellin-inducible low pI a-amylase expression by functionally competing with GAMYB, a positive transcription factor for gibberellininducible gene expression (Xie et al. 2006) . The proposition that b-GlcY effectively induces those transcription factors that negatively regulate gibberellin-inducible genes might explain the observation that the inhibitory effect of b-GlcY on gibberellin-inducible gene expression was much larger than that on gibberellin-repressible gene expression (Supplementary Tables 1, 2 ). It is interesting that these WRKYs could inhibit the expression of other gibberellininducible genes as well as low pI a-amylase. Esi47 and WRKYs are also involved in salt stress and ABA-mediated signaling in aleurone cells, respectively (Shen et al. 2001 , Xie et al. 2006 ). More recently, HvWRKY38 has been shown to be involved in SA-mediated inhibition of gibberellin signaling in barley aleurone layers (Xie et al. 2007) . It is an interesting hypothesis that these molecules play central roles in the negative regulation of gibberellin action by ABA and defense-related signaling. In addition, there should be other unknown signaling pathways involved in the inhibition of gibberellin signaling by b-GlcY, because the inhibitory effect of JA on gibberellin-inducible gene expression was much weaker than that of b-GlcY (Amy32b, EPB1, Cat-B in Fig. 3B ), while the effect of JA in induction of the HvWRKYs and Esi47 was comparable with that of b-GlcY. WRKYs (HvWRKY51 and HvWRKY38) and HvEsi47 are known to be involved in ABA signaling. ABA signaling and defense-related signaling are also inhibited by gibberellin signaling (Table 1) .
WRKYs are up-regulated by defense signaling caused by b-GlcY, and repress gibberellin-inducible transcription. In addition, HvEsi47 is induced by defense signaling and inhibits an unknown step of gibberellin signal transduction. Defense signaling also inhibits the expression of Ca 2þ -ATPase which has a role in Ca 2þ -mediated gibberellin signaling. Additional signaling molecules such as reactive oxygen species and oxylipins may be working in other unknown signaling pathways for inhibition of gibberellin signaling by b-GlcY-inducible defense signaling.
Defense and GA signaling in aleurone cells
There is a report that the herbicide CGA 325 0 615 caused a radial swelling root phenotype similar to that of b-GlcY-treated roots in Aarabidopsis (Willats and Knox 1996, Kurek et al. 2002) . The herbicide inhibits crystalline cellulose formation by disturbing oxidative conditions necessary for cellulose synthase (CesA). It has also been reported that a recessive mutant of CesA3 (cev1) shows constitutive expression of defense-related genes and constitutively produces defense signaling molecules such as JA and ethylene (Ellis et al. 2002) . These results raise the possibility that the abnormal state of the plasma membrane or extracellular matrix caused by malfunction of CesAinduced defense signaling leads to root cell swelling, and furthermore that b-GlcY treatment can substitute for disruption to CesA function to cause this phenotype. Activated defense signaling was also observed in celd1, a recessive mutant of GPI-anchored COBRA protein (Ko et al. 2006) . Thus it is possible that AGPs cross-linked by b-GlcY, probably on the plasma membrane, might be perceived as an abnormal extracellular condition, leading to activation of defense-related signaling.
The other possibility is that cross-linking of AGPs works as a physiological signal in plants. Interestingly, AGPs on the plasma membrane are cross-linked by H 2 O 2 and wounding (Kjellbom et al. 1997) . AGPs are GPIanchored proteins which favor a lipid raft as their localization; lipid rafts have been implicated in numerous cell surface processes, including signal transduction, pathogen entry, secretion and endocytosis. AGPs have also been proposed to serve as linker proteins between the plasma membrane and cytoskeleton (Kohorn 2000) . This notion was recently supported by Sardar et al. (2006) , who showed that cortical microtubules and F-actin were influenced by cross-linking of AGPs and b-GlcY in BY-2 cells. Plants may use cross-linking of AGPs as a signal of pathogen invasion.
It has yet to be clarified whether specific AGP species cross-linked on the plasma membrane are involved in induction of defense-related signaling, or whether a general mechanical perturbation of the cell surface function causes defense-related signaling (Guan and Nothnagel 2004) . This problem might be solved by comprehensive analyses of the AGP family by overexpressing or repressing each AGP gene.
Materials and Methods

Plant materials
Barley (Hordeum vulgare L. cv. Himalaya) caryopses from the 1991 harvest were purchased from the Department of Agronomy, Washington State University, Pullman, WA, USA. Barley grains were de-embryonated, cut into quarters, sterilized and incubated overnight at 258C in 20 mM MES buffer (pH 5.4) containing 50 mM L-arginine and 20 mM CaCl 2 . Aleurone layers and protoplasts were prepared as described by Suzuki et al. (2002) . For the a-amylase assay, layers or protoplasts were incubated at 23 or 258C in all experiments. Aleurone layers were incubated in 1 ml of 20 mM CaCl 2 , and protoplasts in 1 ml of B5 medium with an osmotic pressure adjusted for protoplasts as in Bush et al. (1986) .
Yariv reagent and plant hormones
b-GlcY and a-GalY were synthesized according to the method described by Yariv et al. (1962) . Yariv reagents were dissolved in DMSO and stored at À208C. Gibberellin, ABA and OPDA were dissolved in DMSO, CH (Seikagaku kogyo, Tokyo, Japan) in distilled water, JA [(AE)-jasmonic acid] (Sigma, St Louis, MO, USA) in 10% methanol, and SA in 50% methanol. In assays of protoplasts or aleurone layers, these solvents were added to each fraction to give the same final concentration for excluding effects of these solvents. a-Amylase assay using aleurone layers and protoplasts a-Amylase activity in the incubation medium was measured by the starch-iodine method (Jones and Varner 1967) .
FDA staining and microscopy analysis
The viabilities of aleurone protoplast and layer cells were examined using FDA. Protoplasts were stained with 0.02% FDA for 5-10 min and layers were stained as described by Beligni et al. (2002) . Fluorescent cells were detected using epifluorescence microscopy (BX60, Olympus, Tokyo, Japan) with either a U-MWIB/GFP or a U-MNIBA filter (Olympus).
RNA isolation and real-time RT-PCR analysis
Total RNA was extracted from protoplasts in a 1 : 1 (v/v) mixture of TE-saturated phenol and 0.1 M Tris-HCl buffer (pH 8.0) containing 0.1 M LiCl, 10 mM EDTA and 1% SDS, and precipitated in 2.5 M LiCl according to Shirzadegan et al. (1991) , except that extracted samples were not incubated at 808C. Contaminating DNA was digested with DNase I (TAKARA SHUZO CO. LTD, Otsu, Shiga, Japan). Total RNA was used to generate the first-strand cDNA with M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) or a PrimeScript 1st strand cDNA synthesis Kit (TAKARA) according to the manufacturer's instructions. Real-time RT-PCR was run on a Thermal Cycler Dice Real Time System TP800 (TAKARA BIO INC.) using SYBR premix Ex Taq mixture (TAKARA) with cycles of 958C for 20 s and 608C for 30 s for primer sets designed for real-time RT-PCR, and 958C for 30 s, 588C for 30 s and 728C for 30 s for other primer sets (Supplementary Table 5 ). The relative amount of transcript of each gene was calculated by the crossing point method using a standard curve according to the manufacturer's instructions. All primer sets used for cDNA amplification were tested by dissociation curve analysis and verified for the absence of non-specific amplification, and are listed in Supplementary Table 5 . We used RNA-binding protein (Figs. 3, 4) and ubiquitin-conjugating enzyme (Fig. 5) as internal standards, because their expression was consistent when the same amount of total RNA was used for reverse transcription.
Microarray analysis
mRNA was prepared from total RNA using Dynabeads Oligo (dT) 25 (DYNAL, Dynal Biotech, Oslo, Norway) after DNase I treatment. A 0.3 mg aliquot of mRNA was used for cRNA preparation using One-cycle target labeling and control reagents (Affymetrix, Santa Clara, CA, USA), and hybridized to the Affymetrix 22K Barley1 GeneChip (Close et al. 2004, Affymetrix) . The hybridization, washing, signal detection and
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http://pcp.oxfordjournals.org/ data analysis were carried out according to the manufacturer's instructions. The experiment was performed twice using independently prepared aleurone protoplasts. For selecting differentially expressing genes between treatments, summarization was performed by the distribution free weighted method (DFW; Chen et al. 2007 ) using the original Ã .CELL files, and subjected to the rank products algorithm (Breitling et al. 2004 ) with the 10% FDR value. The selected genes are listed in Supplementary Tables 1-3 . The 'Contig' numbers in the text and tables are probe set IDs, available on the Affymetrix web site (http://www.affymetrix.com/ index.affx).
Accession number and data deposition
All microarray data in this study are available in the public repository Gene Expression Omnibus (http://www.ncbi.nlm.nih. gov/geo/) under accession number GSE8712.
Supplementary material
Supplementary material mentioned in the article is available to online subscribers at the journal website www.pcp. oxfordjournals.org.
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